Abstract Successive cambia in Vitaceae have been reported solely for Tetrastigma, a diverse genus of lianas found primarily in tropical Asia, extending into Australia. However, the structure and origin of these successive cambia have never been fully studied. Here we report the presence of this cambial variant in Tetrastigma retinervum and T. voinierianum, and describe its ontogeny in detail in the latter. New cambia appear successively in stems of Tetrastigma differentiating from the innermost parenchyma cells of the primary phloem, which are located interior to the pericyclic fiber strands. This study constitutes the first report of successive cambia being derived from primary phloem parenchyma in woody plants as a whole. Both species are members of Tetrastigma clade VI, the most species-rich lineage within the genus. The examination of mature stems of additional species of Tetrastigma should determine the distribution of this unique type of cambial variant in the genus and enhance our understanding of the adaptive significance of this unusual character.
Introduction
Wood and bark anatomy studies of Vitaceae have more often focused on species of grapes (L.) due to their great economic importance (Davis & Evert, 1970; Pratt, 1974; Brodersen et al., 2013; Gerrath et al., 2015) . However, broader studies of Vitaceae including other genera have shown that wood and bark anatomy is extremely informative to differentiate genera and or even species within the family (Adkinson, 1913; Wheeler & LaPasha, 1994; Angeles & Le on-Gomez, 1997) . Features of wood and bark anatomy have even helped place fossil woods within specific taxonomic groups in Vitaceae (Wheeler & LaPasha, 1994; Poole & Wilkinson, 2000; Rozefelds & Pace, 2018) . Among the most informative characters are the intervessel pit type (either alternate or scalariform), vesselray pits (with reduced borders or simple to scalariform), ray composition (homo or heterocellular), phloem stratification (presence or absence of fiber bands alternation), presence of non-lignified parenchyma, storied structure, and presence of cambial variants (asymmetrical stems or successive cambia). At present, with the advent of modern phylogenetics and a better understanding of the relationships among lineages (e.g., Wen et al., 2007 Wen et al., , 2013 Ren et al., 2011; Liu et al., 2016; Habib et al., 2017; Lu et al., 2018) , it is now important to revisit the morpho-anatomical diversity within this economically and ecologically important family in search for morphological, developmental and anatomical characters that potentially support lineages/clades delimited by DNA sequence data. From this new perspective, it will be possible to establish morpho-anatomical synapomorphies within the various lineages in the family (Gerrath et al., 2017; Wen et al., 2018) . Here we provide the first step towards this anatomical reappraisal, starting by discussing the presence of a cambial variant known as successive cambia in Tetrastigma, and describing in detail its ontogeny in Tetrastigma voinierianum (Baltet) Gagnep.
Successive cambia
Successive cambia have evolved multiple times in both angiosperms and gymnosperms (e.g., Gnetum L., Welwitschia Rchb.), and may originate from different tissues and result in different configurations. As for origin, they are always formed externally to the original vascular cylinder. The most common origin is from parenchyma of the outermost portion of the vascular cylinders, which in roots is unanimously recognized as the pericycle, while in stems it is recognized either as the pericycle or sometimes the cortex by those authors who do not believe in its presence there (Eames & McDaniels, 1925 , Tamaio et al., 2009 Terrazas et al., 2011 , Cunha Neto et al. 2018 . However, successive cambia can also derive from phloem parenchyma cells of the nonconducting secondary phloem, as shown in some Leguminosae (Nair & Mohan-Ram, 1990 ; Dias-Leme, 1999) or cortical cells beyond the limits of the vascular cylinder (Rajput et al., 2012) . As for general conformation, successive cambia can have irregular activity across the plant organ and result in asymmetrical organs, or symmetrical activity across their circumference, resulting in cylindrical organs. Some lianas of Leguminosae, for instance, have successive cambia active only in two opposite sides of the stem, forming extremely flat stems, such as in the genera Rhynchosia Lour. and Schnella Raddi (Rajput et al., 2012 ; Acevedo-Rodr ıguez, 2017 onwards).
Cambial variants in Vitaceae
All Vitaceae share the presence of the xylem and phloem axial elements in plates, divided by large xylem and phloem rays. This is true also for the herbaceous succulents in the family, such as in Cyphostemma juttae (Dinter & Gilg) Desc. (Pace, personal observation), and to the arboreal Leea D. Royen of Leeaceae, which is the sister group of Vitaceae (Soejima & Wen, 2006; Wen et al., 2007 Wen et al., , 2013 Lu et al., 2018) . This type of vascular system, in which the axial elements are segmented in plates, is not exclusive of Vitaceae though, being found also in all the families and genera of the order Piperales (Trueba et al., 2015) , and in all genera of Dilleniaceae, among other taxa. Their presence has been suggested as possibly favoring (an exaptation to) the evolution of the lianescent habit (Trueba et al., 2015) , since wide and high rays make the stems more flexible.
Successive cambia in Vitaceae are, however, poorly documented, and are apparently exclusively found in Tetrastigma. The earliest report of successive cambia in this genus dates back to 1893 by H. Schenck for Tetrastigma scariosum (Blume) Planch. from Java. The author suggested that successive cambia in the genus were likely derived from parenchyma of the phloem, differentiated interior to the sclerenchyma strands of the primary body (here named pericyclic fibers, following the IAWA Bark Committee, Angyalossy et al., 2016) . This origin was later corroborated by Kalberlah (1898) , from studies on the same species, also from Java. None of the authors specified whether they refer to primary or secondary phloem. The presence of this variant in T. scariosum from Schenck's account was repeated then by Solereder (1908) and Metcalfe & Chalk (1950) . There are three other reports citing successive cambia in Tetrastigma: Carlquist (1988) listed the genus when he provided a list of families with successive cambia, yet without dealing with the origin of the successive cambia in the genus, nor citing the species of Tetrastigma. Then Dobbins & Fisher (1986) and Fisher & Ewers (1991) dealt with Tetrastigma voinierianum in their work on the response of liana stems to injuries. In these latter studies the authors suggest that the rays would be responsible for the formation of new cambia in the genus.
The genus Tetrastigma
Tetrastigma is a monophyletic, species-rich genus of lianas of approximately 100 species that occur in tropical and subtropical Asia, with a few species reaching Australia (Wen, 2007; Chen et al., 2011a Chen et al., , 2011b Habib et al., 2017; Wen et al., 2018) . It is distinguishable from other Vitaceae by its 4-lobed stigmas that give name to the genus. Tetrastigma is also well-recognized for its host-specific relationship to Rafflesia (Rafflesiaceae), the parasitic plant with the largest flowers in the world and the most reduced vegetative bodies (Davis & Wurdack, 2004; Davis et al., 2007; Nikolov et al., 2014; Barkman et al., 2017; Nikolov & Davis, 2017) . Recent molecular phylogenies suggest that Tetrastigma belongs to a clade also containing Cayratia Juss., its segregate genus Causonis Raf., and Cyphostemma (Planch.) Alston (the CCT clade; Lu et al., 2013 Lu et al., , 2018 Wen et al., 2018) and have shown that the genus is composed of six well-supported main lineages, recognizable morphologically by differences in seeds, tendrils, and inflorescences (Habib et al., 2017) . However, the distribution of successive cambia in Tetrastigma remains unknown concerning whether it is present in all species of the genus, or alternatively if it is limited to one or a few of its six clades. Furthermore, it is also unknown how these successive cambia appear and develop in the stems. Therefore, our goal was to (1) describe in detail the ontogeny of successive cambia in Tetrastigma, (2) investigate the structure of the adult stem, and (3) survey whether successive cambia were present in all species of the genus we had available and its sister lineage.
Material and Methods

Taxon sampling
We surveyed five species of Vitaceae, including four species of Tetrastigma and one species of a new genus, "Pseudocayratia" (Wen 11412), which emerged as the sister group of all other Tetrastigma in Habib et al. (2017) . The four species of Tetrastigma are: T. lawsoni (King) Burkill (Wen 11680), T. rafflesiae Planch. (Wen 11824), T. retinervum Planch. (Wen 5920) , and T. voinierianum (Baltet) Gagnep. . All samples have vouchers deposited at the U.S. National Herbarium, Smithsonian Institution (US). All species except for T. retinervum were taken from cultivated specimens at the greenhouse facilities of the Smithsonian Museum Support Center, while T. retinervum stems were rehydrated from the dried voucher specimen.
Anatomical procedures
The specimens were fixed in FAA 50 (Johansen, 1940) immediately following their collection, and conserved in 70% ethyl alcohol after a week. Subsequently, all stems were embedded in polyethylene glycol 1500 and sectioned with the aid of a sliding microtome with the use of a polystyrene resin, as described in Barbosa et al. (2010) . Sections were doublestained in safranine and astra-blue, and mounted in Canada balsam.
Results
Stem sizes and occurrence of successive cambia
All species studied were already in their reproductive, mature state; however, they had quite different stem widths. Since the widths of the stems might be related to the presence or absence of cambial variant, here we describe their width by their thickest portion:
0.2 cm Tetrastigma lawsoni 0.4 cm T. rafflesiae 0.5 cm T. retinervum 0.8 cm T. voinierianum 3.5 cm
Successive cambia in Tetrastigma
Successive cambia were found only in the two thickest species, Tetrastigma retinervum and T. voinierianum. All others species displayed regular secondary growth.
Ontogeny of the successive cambia in Tetrastigma voinierianum
During primary growth, stems of Tetrastigma voinierianum have from 60 to 70 discrete vascular bundles, close to one another, in a eustelic organization (Fig. 1A) . The primary phloem consists of sieve tube elements, phloem parenchyma, and wide mucilage cells (Fig. 1C) . The primary phloem is commonly associated with a large pericyclic fiber strand on its outermost part (Figs. 1A-1C ). This primary phloem stays present even in mature, thick stems, and only the cells next to the fiber strands become crushed, while all other cells remain turgid (Fig. 1B) . The primary xylem contains vessels and parenchyma. Large mucilage cells can be seen also in the pith and cortex (Figs. 1, 2) .
At the onset of secondary growth, the stem has a single, regular vascular cambium producing secondary xylem to the inside and secondary phloem to the outside (Figs. 1A, 2A) . The fascicular cambium produces only axial elements of the secondary xylem and phloem, i.e., conducting cells, axial parenchyma and fibers, aligned with the pericyclic fibers ( Fig. 2A) . The interfascicular cambium gives rise solely to wide rays of the secondary xylem and phloem ( Fig. 2A; 6-8 cells wide and higher than 1 mm, as seen in tangential section), including some large idioblastic cells containing raphides. This Fig. 1 . Tetrastigma voinierianum transverse sections. A, Young stem at onset of secondary growth, with a singular, continuous vascular cambium. B, Thicker stem, with two cambia in one side of the stem, while having just a single cambium on the other side. Note that the side where two cambia are present is also the side where the first cambium has produced more secondary xylem and phloem. Note also that the large cells in the pith are mucilage cells. C, Young stem at early secondary growth, showing pith (p), primary xylem (arrows), secondary xylem (sx), cambium, primary phloem (arrowheads), pericyclic fibers (pf) and cortex (co). Large cell in the center of the primary phloem is a mucilage cell. D, Adult stem at well-established secondary growth showing secondary xylem (sx) with wide vessels, cambium (c), and secondary phloem (sp). Note that secondary phloem is stratified, with bands of fibers alternating with all other cells. Scale bars: A ¼ 2 mm, B ¼ 5 mm, C and D ¼ 100 mm.
differential activity of the fascicular and interfascicular cambium is responsible for the formation of the cambial variant 'axial elements in plates' (Figs. 1, 2) .
In thicker portions of the stem, certain parenchyma cells from the innermost part of the primary phloem, right in the limit with the secondary phloem, start to divide periclinally, giving rise to a new cambium. The origin can be established as from the primary phloem since the secondary phloem is recognizable by the presence of rays, fiber bands forming a stratified phloem, wider sieve tube elements than in the primary phloem, and axial phloem parenchyma cells that are larger than the parenchyma cells of the primary phloem Fig. 2 . Ontogeny of the successive cambia, as seen in transverse section. A-E, Tetrastigma voinierianum. F. Tetrastigma retinervum. A, At the onset of secondary growth the stem is regular, with a single cambium (c) producing secondary xylem (sx) to the inside and secondary phloem (sp) to the outside. Note that the primary phloem (pp) remains uncollapsed under the pericyclic fiber strands (pf). B, A new cambium differentiates from the inner cells of the primary phloem, and starts producing secondary xylem and phloem. Note detail of the first vessel produced (arrow). C, Detail of the previous figure, note the formation of a vessel element (v) and a sieve tube element (arrow) by the new cambium (c). D, A later stage of development, when the new successive cambium has already produced a considerable amount of secondary xylem (sx 2 ) and phloem (sp 2 ) outside of the original secondary phloem (sp 1 ) and xylem (sx 1 ). E and F, Adult stems with well-established successive cambia in T. voinierianum and T. retinervum, respectively. Note the first and second increment of secondary xylem and phloem. Pf ¼ pericyclic fiber, pp ¼ primary phloem, sp1 ¼ secondary phloem of the first increment, sx1 ¼ secondary xylem of the first increment, sp2 ¼ secondary phloem of the second increment, sx2, secondary xylem of the second increment, p ¼ pith. Scale bars: A, E-F ¼ 200 mm, B, D ¼ 100 mm, C ¼ 40 mm. (Figs. 1C, 1D) . This new cambium, derived from primary phloem parenchyma, soon starts to form new cells of secondary xylem and phloem (Figs. 2B-2E ), which are similar to those produced by the first cambium. Since each new cambium is formed in the innermost part of the primary phloem, the secondary xylem of each new increment appears directly external to the outermost portion of the secondary phloem of the previous increment (Figs. 2D, 2E) . When the cells divide to form a new cambium, part of them remain as primary phloem parenchyma, which explains why multiple successive cambia are formed without exhausting the primary phloem. Figures 2D-2E show the first increment, originated by the first cambium, and the second increment, originated by the successive cambium.
There is evidence that more than one cambium is, at least in some periods, simultaneously actively producing new cells (Fig. 2F) . In fact, it is possible to see vessels derived from more than one cambium differentiating at the same time in both species (arrows in Fig. 2F ).
Successive cambia are not continuous across the entire stem circumference in Tetrastigma. Its formation was only seen in one side of the stem, the same side where more cells are also produced by the first formed cambium (regular cambium), which ultimately generates an oval stem with successive cambia in only one side (Fig. 1B) . None of the samples we examined had successive cambia seen across the entire stem circumference.
Discussion
Here we report the presence of two cambial variants in Tetrastigma: axial elements in plates, divided by wide rays, common to all Vitaceae, and successive cambia, exclusive of Tetrastigma and here found in two of the five studied species, T. retinervum and T. voinierianum. We also show that new cambia are here derived from primary phloem parenchyma, as evidenced from the ontogenetic analyses.
Successive cambia represent one of the most common types of cambial variants known. It is present in at least 37 plant families, including gymnosperms, and rosids and asterids of angiosperms (Carlquist, 1988 (Carlquist, , 2001 Angyalossy et al., 2012 Angyalossy et al., , 2015 . Although quite common, lineages where successive cambia evolved seem to keep this feature stable, both in lineages composed mainly of lianas, such as Menispermaceae, or lineages where trees evolved from lianescent ancestors, such as arboreal Ipomoea (Terrazas et al., 2011) , or even in lineages with trees, herbs and lianas, such as Nyctaginaceae (Carlquist, 2007) , suggesting that successive cambia might be easily gained but difficult to lose. Therefore, the presence of this feature in Vitaceae is an important record, which is likely taxonomically informative for either Tetrastigma as a whole or a lineage within it.
Successive cambia derived from phloem parenchyma of the primary phloem, as seen here, to the best of our knowledge, have not been reported in any other taxa before. Successive cambia have otherwise been described being formed outside the primary phloem (from cortical or pericyclic cells) or from parenchyma cells of the secondary phloem (Angyalossy et al., 2015 for a review) . This is a unique, unusual site of origin for successive cambia, since primary phloem usually rapidly collapses and obliterates, something that does not happen here. Previous authors suggested these successive cambia could be derived from rays (Dobbins & Fisher, 1986; Fisher & Ewers, 1991) , but that was the case in injured stems. Parenchymatic cells both from radial or axial parenchyma usually take active part of injury repair, and that is probably why the authors found cambial differentiation from the rays. Other authors already suggested the successive cambia of Tetrastigma were derived from phloem parenchyma (Schenck, 1893; Kalberlah, 1898) , but did not show or specify which phloem type, nor the details of its activity and structure. Here it becomes clear that the phloem parenchyma of the primary phloem is responsible for the formation of new cambia.
In all studied species, we found successive cambia in just one side of the stem, generating an oval stem. The same phenomenon was reported and illustrated in Tetrastigma scariosum (Kalberlah, 1898) . It remains to be seen if much thicker stems will have successive cambia across the entire stem circumference. However, there are numerous species in which successive cambia are found in just one side of the stem, and this may be the case here as well (Rajput et al., 2012; Acevedo-Rodr ıguez, 2017 onwards) .
We encountered the presence of successive cambia in two species, T. retinervum and T. voinierianum, both belonging to clade VI, the largest, most diverse clade in Tetrastigma (Habib et al., 2017) . The absence of successive cambia in the remaining two species of Tetrastigma and its sister lineage (Pseudocayratia) needs to be confirmed, since they were also the species with thinnest stems, and cambial variants sometimes only appear in thicker stem portions. Successive cambia were also encountered in T. scariosum, a species occurring in Java and likely belonging to clade V of Tetrastigma, as it is very similar to T. pisicarpum Planch, from clade V. Broader studies including thick stems of species from all the six major Tetrastigma lineages will shed light on the distribution of this cambial variant in the genus and test if it is synapomorphic to the genus as a whole or to one of its clades. In other lineages, such as Adenia of the Passifloraceae, successive cambia were shown to be synapomorphic of a subclade (Clade 1) within the large clade for the genus (Hearn, 2009) .
Knowledge of this cambial variant in Tetrastigma, the sole host of the three genera of Rafflesiaceae (Chen et al., 2011a (Chen et al., , 2011b , will also open new venues for anatomical studies to explore the distribution of the parasitic body inside the complex host bodies, and whether it inhabits one or several of the vascular increments of the plant body. The parasitic Rafflesiaceae species grow on mature and more or less flattened roots and stems of various Tetrastigma species in tropical Asia (Wen, 2007; Chen et al., 2011b) . Whether the successive cambia, having more areas transporting sugars within the stem and roots, enable the holoparasitic Rafflesiaceae species to adapt and prosper on the body of the host species, remains to be tested. discussions, Stan Yankowski for assistance in the lab at the Department of Botany, Smithsonian Institution, and two anonymous reviewers for comments and corrections on the original manuscript. MRP is supported by a Peter Buck Postdoctoral Fellowship at the SI-NMNH.
